Doping Dependence of Low-energy Spin Fluctuations in Electron-Doped Cuprates 
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The low-energy spin fluctuations in the electron-doped Pri-a;LaCe2;Cu04 have been investigated 
over a wide concentration range of 0.07$; x ^0.18 that spans from the antiferromagnetic and non- 
superconducting phase to the superconducting and paramagnetic phase. For all concentrations 
considered, the low energy excitations exhibit commensurate peaks centered at the (tt, tt) position. 
Our data show that the characteristics of the excitations, such as the relaxation rate and the overall 
spectral weight, change rapidly when the system enters the superconducting phase. The spin stiffness 
also decreases with increasing x in the superconducting phase and is extrapolated to zero at a; = 0.21 
when the superconductivity disappears. These indicate a close relation between the spin fluctuations 
and the superconductivity in the electron-doped system. 

PACS numbers: 74.72.Jt, 61.12.-q, 74.25.Ha, 75.40.Gb 



Antiferromagnetism in the doped cuprate Mott- 
insulator has been extensively investigated due to its rich 
physics and close relation with the high-Tc supercoduc- 
tivity. In the past two decades, comprehensive studies us- 
ing spin sensitive probes such as neutron-scattering mea- 
surements have clarified the progressive doping evolu- 
tion of spin correlations in hole-doped (p-type) cuprates. 
In a prototypical p-type superconductor La2-2;Srj;Cu04 
(LSCO), the long-range antiferromangetic (AF) order ex- 
isting in the x = parent compound gets rapidly de- 
stroyed upon doping and is replaced by a spin-glass phase 
at a; ~ 0.02 In the spin-glass phase, an incom- 

mensurate (IC) spin-density-wave state appears at low 
temperatures, with a modulation wavevector diagonal to 
the Cu-0 bond direction 0, Upon further doping, 
the system becomes superconducting (SC) and the mod- 
ulation wavevector changes from diagonal to parallel to 
the Cu-0 bond direction The spatial periodicity of 
the spin-density-wave is inversely proportional to the su- 
perconductingtransition temperature (Tc) in the under- 
doped region [5| . When x increases even further into the 
overdoped region, the low-energy spin fluctuations van- 
ishes that coincide with the disappearance of bulk super- 
conductivity 0. These results clearly indicate that the 
spin correlations are closely related with the supercon- 
ductivity in the hole-doped superconducting cuprates. 

On the other hand, less known is the relation between 
magnetism and superconductivity in electron-doped 
(n-type) supercondcuting cuprates. Recent neutron- 
scattering studies revealed the existence of commensurate 
low-energy spin fluctuations centered at (tt, tt) position in 
both AFM ordered and SC phases of Ndi.85Ceo.i5Cu04 
(NCCO) and Pro.89LaCeo.iiCu04 Q. Thus, the na- 
ture of the spin fluctuations in cuprates depends on 
the type of charge carries. Experimental studies on 



the electron doped cuprates, however, are quite limited 
so far. Previous neutron-scattering studies of n-type 
cuprates have focused only near the optimally-doped re- 
gion 0, @, S [1^ and comprehensive investigation on how 
the spin dynamics evolve with the concentration of the 
excess electron is still lacking. 

In this letter, we report our neutron scattering 
measurements on single crystals of Pri_i:LaCei:Cu04 
(PLCCO) with several Ce concentrations of 0.07 ^ x 
^ 0.18, spanning the AFM and SC phase transition at 
X ~ 0.10 [ll|. The main results are that the charac- 
ter of the commensurate spin fluctuations do not change 
much as long as the system is in the AFM phase {x ^ 
0.11). On the other hand, in the overdoped SC phase 
{x ^ 0.11) , the characteristic relaxation rate, F, and the 
spin stiffness, v, of the spin fluctuations, decrease linearly 
with the Ce concentration as well as with the supercon- 
ducting transition temperature, Tc- The overall spectral 
weight of the spin fluctuations decreases with increasing 
X and, when extrapolated, the spin stiffness goes to zero 
at a; ~ 0.21. coinciding with the disappearance of the su- 
perconductivity. These behaviors are qualitatively differ- 
ent from the doping dependence of the spin fluctuations 
observed in the overdoped region of hole-doped cuprates. 
Their differences and implications to the physics of the 
two types of SC cuprates are also discussed. 

Single crystals of PLCCO (a;=0.07, 0.09, 0.11, 0.13, 
0.15 and 0.18) were grown by a traveling-solvent floating- 
zone method. The crystals with dimension typically of 
^30 mm in length and 6 mm in diameter were subse- 
quently annealed under Ar gas flow at 920-950 °C for 10- 
12 hours [ll| . To determine Tc, we have measured the su- 



perconducting shielding signal on the small portion of the 
annealed crystals by a superconducting quantum inter- 
ference device. Furthermore, the average concentrations 
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FIG. 1: Temperature dependence of bulk susceptibility ob- 
tained from single crystals of Pri_a,LaCeiCu04 with several 
different Ce concentrations. The inset shows the phase di- 
agram as a function of x and temperature. Here Tn (open 
circles) and Tc (filled circles) are the AFM ordering and the 
SC transition temperature, respectively. 



of Pr, La, Ce and Cu ions were confirmed to be close to 
nominal values by using an inductively coupled plasma 
(ICP) spectroscopy. The larger remaining parts of the 
annealed crystals were used for our neutron scattering 
experiments. The measurements used were the thermal 
triple-axis spectrometers TAS-1 and TOPAN at the JRR- 
3 reactor in the Japan Atomic Energy Agency (JAEA). 
Energy of final neutrons was fixed to be Ef = 14.7 mcV, 
and the horizontal collimations were 80'-80'-80'-180' and 
50'-100'-60'-180' at TAS-1 and TOPAN, respectively. In 
this paper, the tetragonal lA/mmm notation was used 
in which the principal axis in the ah plane are along the 
Cu-0 bond. Typical lattice constants arc, for example, 
a = 3.985 A and c = 12.32 A for the optimally-doped 
x=0.11 sample at 3 K. The crystals were mounted in the 
{h k 0) zone. 

Fig. 1 shows temperature dependence of bulk magnetic 
susceptibility obtained from several Pri_a;LaCe2;Cu04 
crystals with x = 0.07, 0.09, 0.11, 0.13, 0.15 and 0.18. 
The measurements were done under a magnetic field of 



TABLE I: Ce concentration x, magnetic ordering temper- 
ature Tn and the average Cu moment Mcu, and Tc in 
Pri_a;LaCea;Cu04 determined by inductively coupled plasma, 
neutron-scattering and SQUID measurements, respectively. 
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Ref. 



0.07 
0.09 
0.11 
0.13 
0.15 
0.18 



100(10) 
80(15) 
25(10) 



0.08(10) 
0.05(5) 
<0.01 



25(1) 
26(1) 
21(1) 
16(2) 
11(2) 
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FIG. 2: Constant-Lj scans with uj — 4, meV ((a)-(d)) and 10-11 
meV ((e)-(h)) obtained from Pri_a;LaCea;Cu04 with different 
x; 0.07 ((a), (e)), 0.09 ((b), (f)), 0.15 ((c), (g)) and 0.18 ((d), 
(h)). Solid lines are fits to a single Gaussian convoluted with 
the instrumental Q-resolution. Dashed lines are background. 
Horizontal bars represent the the instrumental Q-resolution. 



10 Oe after zero-field-cooling. Bulk superconductivity 
appears in all the samples except for x = 0.07. The on- 
set temperature of superconductivity, Tc, is maximal at 
26 K for a; = 0.11 and gradually decreases with further 
increasing x. The x = 0.07, 0.09 and 0.11 samples exhibit 
magnetic order at low temperatures, while no evidence of 
AFM order was detected for x ^ 0.13. In the AFM phase 
(x ^ 0.11), elastic magnetic intensity normalized by the 
sample volume drastically decreases with increasing x. 
In the vicinity of phase boundary, x ~ 0.10, AFM order 
coexists with superconductivity, as summarized in Table 
I and in the inset of Fig. 1. 

In order to investigate how magnetic fluctuations 
evolve as Pri_2;LaCe2:Cu04 changes from insulating to 
superconducting with increasing x, we have performed 
a series of inelastic neutron scattering measurements on 
the system with several different x = 0.07 (insulating and 
AFM ordered), 0.09 , 0.11 (superconducting and AFM or- 
dered), 0.13, 0.15, and 0.18 (superconducting and para- 
magnetic (PM)). Fig. 2 shows some typical data ob- 
tained from constant-w scans. When the AFM ordering 
exists {x ~ 0.07 and 0.09), the low energy spin fluctu- 
ations arc centered at the characteristic wavevector of 
the AFM ordering, (1/2,1/2,0), and the peak is almost 
Q-resolution limited (see Fig. 2 (a),(b)), no matter if 
the system is superconducting or not. When the AFM 
ordering disappears upon further doping (x > 0.11), 
the spin fluctuations remain commensurate but broaden 
considerably in the momentum space. This broaden- 
ing is more apparent at higher energies, as shown in 
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FIG. 3; (Color) ti;-dependence of resolution corrected peak- 
width (half width at half maximum) k of commensurate peak 
for Pri_:^LaCe^Cu04 with x=Om, 0.09, 0.11, 0.15 and 0.18. 



Fig. 2 (g).(h), for cu = 10-11 meV. For quantitative 
analysis, we have fitted the Q-dependence of the inelas- 
tic scattering intensity, /(Q,u;), to a single Gaussian, 
I{uj) exp-'"(2){(Q-QAFM)/K}'^ convoluted with the instru- 
mental resolution. (We use units with h=l.) Here k is 
the Half-Width-of-thc-Half-Maximum (HWHM), the in- 
verse of the dynamic spin correlation length, and I{uj) is 
the integrated intensity over Q for a given uj. The solid 
lines in Fig. 2 are the results of the fit. 

We have performed several constant-w scans with var- 
ious energies from cu = 1 meV to 12 meV to obtain the 
w-dependence of k and that of the Q-integrated inten- 
sity. Fig. 3 shows the resulting k{uj) for several differ- 
ent Ce concentrations. For all concentrations considered, 
K increases linearly with lu upto ^^12 meV. The slope, 
k/w, that corresponds to the inverse of the spin stiffness 
of spin-wave excitation, l/v, however, changes with x. 
When we fit the data to a linear function and obtain the 
slope, we get k/lo = 1.5(3) xlO^'^ (meV A)~^ for x = 
0.07 (nonsuperconducting and AFM) and for x ~ 0.09 
(superconducting and AFM), 3.4(7) xlO^'^ for x = 0.15 
(SC and PM) and 6.3(14) xlO-^ for x = 0.18 (SC and 
PM). The value for the AFM phase is very close to the 



value of 1.6 xlO~ observed in Pr2Cu04 [l4|- These re- 
sults confirm that the characteristics of the low energy 
spin fluctuations does not change in the electron-doped 
cuprate as long as the AFM order exists, irrespective of 
the superconductivity. On the other hand, k/lo increases 
abruptly in the overdoped SC and paramagnetic phase. 

Fig. 4 shows that the imaginary part of the dynamic 
susceptibility, x"{^)7 as a function of uj for several Ce 
concentrations. The x"i^) were obtained by normaliz- 
ing the Q-integrated intensity to an acoustic phonon 
around a nuclear (1,1,0) Bragg reflection and by using the 
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detailed balance relation x"(w) = 7r/(a;)-(l— exp 



FIG. 4: a;-dependence of local spin susceptibility x" for 
Pri-^LaCe^Cu04 with x=(a) 0.07, (b) 0.09, (c) 0.11, (d) 
0.15 and (e) 0.18. Dashed lines are fitted results by x" oc 
ruj/{r'^ +u}^). Inset fi gure shows the i-dependence of F. In- 
set figure shows the Tc as a function of F. Dashed line is the 
fitted result for x^O.ll samples to a linear function. 



In the nonsuperconducting AFM phase {x = 0.07), the 
low energy x" i^) upto '^12 meV gradually increases with 
LU and becomes constant for w > 5 meV. This behav- 
ior does not change for x = 0.09 and 0.11 in which su- 
perconductivity coexists with AFM order. On the other 
hand, for the paramagnetic SC phase {x > 0.11), x"(w) 
decreases at energies higher than 5 mcV, and its spec- 
tral weight shifts to lower energies, resulting in shift- 
ing of the characteristic energy of the spin fluctuations 
to lower energies with doping. To extract the relax- 
ation rate, F, we fitted x"{'^) to a simple Lorentzian 
x"(u;) oc Fw/ (F^ -I- w^). The results of the fit are shown 
as dashed lines in Fig. 4 and the optimal F is plotted 
in the inset. For x ^ 0.11, F is linearly proportional to 
the SC transition temperature, Tc- This is quite different 
from the behavior observed in the hole-doped cuprates; 
for instance, in the overdoped region of LSCO, the shape 
of x"i^) at low energies ramains the same with F = 6 
mcV, even though the overall spectral weight decreases. 
The reduction of F and the pcak-broadcning in momen- 
tum upon doping observed in the PLCCO are consistent 
with theoretical prediction based on the t-J model [isj . 

The different behaviors in the the spin fluctuations be- 
tween hole-doped and electron-doped SC cuprates can 
be understood in the following way. In the case of hole- 
doped cuprates, it is increasingly evident that there ex- 
ists a phase separation between SC and normal Fermi 
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FIG. 5: Doping dependence of the low energy spin fluctua- 
tions: (a) the spin stiffness, uj/k, and (b) the partial spectral 
weight obtained by integrating x"('^) from 2 meV to 11 meV, 
as a function of x. Dashed lines are guides to the eye. 



liquid phases [isl The volume fraction of the SC 

region decreases with increasing doping concentration, 
which coincides with the reduction of the spin fluctu- 
ations. This suggests that the IC spin fluctuations in 
hole-doped cuprates comes from the SC region separated 
from the normal metallic phase. On the other hand, in 
the case of electron-doped PLCCO, the the overall spec- 
tral weight does not change much with doping concen- 
tration(See Fig. 5 (b) showing the x-dependence of uj- 
integrated x"): but the characteristic T of the spin fluc- 
tuations strongly depends on x. These can be explained 
not by such a phase separation model. These differ- 
ent behaviors come from the fact that in the electron- 
doped PLCCO the doped excess electrons go randomly 
into the CuO planes, inducing a random distribution of 
nonmagnetic Cu^"*" (3d^°) ions and resulting in a sys- 
tem with quenched random site dilution |14l |. As con- 
sequences, upon doping the commensurate spin fluctu- 
ations get broad in Q-space and its intensity decreases. 
The spin stiffness, v = lo/k^ also decreases, which can 
be understood as a result of reduction of average cou- 
pling constants per a magnetic Cu^+ ion. These changes 
are, however, not linear over the entire region of Ce con- 
centration spanning from the non-superconducting AFM 
phase to the superconducting paramagnetic phase. The 
low energy spin fluctuations are not so sensitive to the site 
dilution in the AFM phases, but become sensitive when 
the system enters the superconducting and paramagnetic 
phase. This doping dependence of spin fluctuation might 
be related with the change in mobility of doped electrons 
on crossing the phase boundary. Our results show that 
in the SC and PM phase, uj/k and P decrease with x 
and both can be extrapolated to zero at x 0.21 (See 



Fig. 5(a) for x-dependence oi uj/k), at around which 
the superconductivity vanishes. The coincidence of the 
reduction of spin correlations and disappearance of SC 
phase indicates a close relation between the spin fluctu- 
ations and the superconductivity in this electron-doped 
cuprate. It is to be emphasized that the critical value 
of X = 0.21 is well below the critical value of dilution, 
~ 0.41 [l3|, to destroy percolation in the two-dimensional 
square spin system and our observed behaviors cannot be 
easily explained by a simple model of randomly diluted 
quantum spin systems. Understanding the intimate re- 
lation between the spin fluctuations and the supercon- 
ductivity requires further experimental and theoretical 
studies on the electron-doped cuprates . 
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